The Water Framework Directive (WFD) in Europe aims, inter alia, to achieve at least 20 
It is widely documented in the literature that many waterbodies in Europe will not 47 achieve the desired water quality status by 2015 due to catchment buffering and long 48 transit times (Cherry et al., 2008) . Many River Basin District plans have now reset 49 achievement targets for "good status" to more realistic time reporting periods beyond 50 this timeframe. It is important to note that such time shifts may not be based on 51 hydrological time lags but instead on socio-economic delays. For example, present 52 time lags may be calculated based on practical delays such as: extensive time periods 53 for total implementation of POM in a catchment, or obtaining capital and planning 54 permission to complete a capital projects such as construction of a waste water 55 treatment facility. Also, the choice of POM and their efficacy within a catchment will 56 have an effect on time lag. 57 hydrogeological pathways. This delayed hydrological response is also referred to as 59 memory effect, time delay or time lag, and has been highlighted previously (Worrall 60 and are designated poor status due to elevated groundwater P (Daly, 2009) . Where this P 99 is being transported to groundwater from diffuse agricultural sources by diffuse 100 recharge then the recharge principals are similar to nitrate but there will be greater 101 uncertainty as P can be retarded, through adsorption, along its migration pathway due 102 to its non-conservative nature (Corbett et al., 2000) . This uncertainty reflects the 103 accumulation of high levels of P in soils and the sorption/desorption processes that 104 occur along the groundwater recharge pathway (Dillon et al., 2003) . Schulte et al. 105 (2010) showed that it may take many years for elevated soil P concentrations to be 106 reduced to agronomically and environmentally optimum levels. The extent of these 107 to total P reserves) while the onset of reductions in excessive soil P levels may be 109 observed within five years, this reduction is a slow process and may take years to 110 decades to be completed. In Ireland, only two groundwater bodies (0.3%) have been 111
classified at poor status due to elevated nitrate concentrations in groundwater (Daly, 112 2009 aquifer flushing times, we developed 8 scenarios Table 1 . 276
In addition, to reflect the variability of nitrate concentrations of the recharge entering 277 each of these aquifers, we subjected each of these scenarios to a Monte Carlo analysis 278 with a uniform distribution of initial nitrate concentrations. We assumed a best-case 279 scenario, in which the POM are fully effective and nitrate concentrations in all 280 recharge are below the guideline value of 37.5 mg L -1 . Therefore, we assumed that 281 incoming nitrates concentrations were uniformly distributed from a maximum of 37. (Table 3) . Tills 311 may be saturated and unsaturated at different times of the year, so ER only occurs on 312 a set number of days per year. Tt would be expected to vary spatially within 313 catchments due to a combination of till property variation and ER quantities. In areas 314 with lower permeability soils, a proportion of ER would be expected to run laterally 315 over the soil surface or at shallow depths within the soil. The results of this lateral 316 movement would be decreased ER amounts, which would increase the travel time to 317 groundwater in these areas. Conversely areas where lateral flow re-infiltrates in to the 318 soil would have shorter travel times due to increased quantities of drainage water. 319 320  is reduced to 20% (Fig. 1b) the Tt scenarios decrease although 337 approximately 25% of the scenarios are still greater than 4 years. As e  is reduced to 338 10% (Fig.1c) and 5% (Fig. 1d) (Fig. 2a) . Doubling the S y of the 380 aquifer doubles the flushing times which then range 1 to 3.6 years and 3.6 to 9.1 years 381 for aquifer with mean initial groundwater nitrate of 40 and 50 mg NO 3 -L -1 , 382 respectively (Fig. 2b) . aquifer with a S y of 0.14 presented in Table 4 . 
Uncertainty Analysis 403
For the unsaturated zone travel time, the uncertainty analysis (Fig. 3) shows that travel 404 times should amount to two years or less for the vast majority of scenarios. This 405 suggests that longer travel times for the unsaturated zone, evident in Fig. 1 and Table  406 3, while conceivable at local scale, should be rare at national scale, and only occur 407 where in worst case scenarios, with thick soils, high effective porosity and low 408 effective rainfall. 409
410
For the aquifer flushing times, the uncertainty analysis (Fig. 4) 
Discussion 416

Vertical Time lag 417
For all low e  conditions (Table 3 ) compared with fully saturated conditions (Table  418 2.) Tt seem faster than expected for <3 m and 3 -5 m thicknesses but are at or slightlyslower than fully Tt (sat) Effects (GRACE) program shows that factors such as recharge increase and lowering 509 of the watertable are possibilities due to climate change. This coupled with heightened 510 CO 2 levels in the atmosphere could cause increased dissolution of carbonate aquifers 511 thereby changing their permeability and storage. In other areas, increased rainfall 512 intensity could reduce recharge as more rainfall moves by overland flow rather than 513 infiltrating into the soil. Such matters would re-define hydrological time lags over 514 time but would still be within the ranges estimated in this paper. 515 catchment managers identify catchment specific time lags. Realistic timescales for 517 groundwater quality improvements should be communicated with land managers so 518 that they can appreciate the time required for their land management practices to 519 impact on groundwater quality. 520
The time lag between introducing protection measures to reduce N inputs in 2012 and 521 first improvements in water quality in 2015 is therefore likely to occur at different 522 rates in different catchments comprising different soils and geologies and should be 523 considered by policy makers and catchment managers (Kronvang et al., 2008) . 524
Uncertainty Analysis 525
The outcomes of the uncertainty analyses depend to a significant degree on the 526 assumed distribution of the model variables, and the associated parameters of these 527 distributions. In other words, if different distribution parameters had been assumed, 528 different outcomes may have been expected. 529
530
The lognormal distribution and associated parameters were calibrated and employed 531 to one of the most important variables, i.e. effective porosity, against empirical data 532
by Kilfeather et al. (2008) and Lind and Lundin (1990) . For the distributions of the 533 remaining data, we based our range (maxima and minima) on empirical data. In 534 absence of detailed information on the probability density distributions of these 535 variables, we employed the uniform distribution as the most parsimonious 536 comments from the two anonymous reviewers, which helped improve this paper. 594 Table 1 Scenarios used for unsaturated and flushing travel time  596   597   Table 2 Table 4 Horizontal travel time to a receptor 500 m away-this reflects first arrival. 607
Flushing times should always be longer than this time (for 2% dh/dx) 608 
